In order to provide the terahertz metamaterial with dynamic phase modulation capability, a new strategy is proposed. It consists of two different unit cells involving particularly designed metallic concentric circular split ring resonators, both of which can be controlled with integrated pneumatic actuator and the resultant reflection phase modulation over 320°c an be achieved. Based on this concept, a phase gradient metamaterial is designed and dynamic manipulation of the anomalous reflection from 12.3°to −12.5°for normal incidence has been successfully obtained. Moreover, a reflective metalens with 3.15 mm diameter based on current phase tunable metamaterial is also proposed and the dynamic focal length tuning from 0.91 to 2.32 mm has also been demonstrated.
Introduction
Metamaterials are artificially constructed electromagnetic (EM) materials and media with engineered electric permittivity and magnetic permeability [1] , which can be obtained through structuring natural materials, such as metals, semiconductors and insulators. They demonstrate exotic EM responses not available in nature and consequently have been applied in many areas as negative refractive index [2] , [3] , superlens [4] , cloaking [5] , [6] and perfect absorbers [7] - [9] . In the past decade, considerable efforts have been made to realize efficient manipulation of EM wave in metamaterial, including the amplitude [10] - [14] , phase [15] and polarization [16] - [19] . It is particularly interesting to engineer the wavefront of EM wave in either transmission or reflection mode by the phase modulation technology, leading to applications such as beam bending [20] , beam splitter [21] , metalens [22] , [23] , vortex beam generator [24] , [25] and high-resolution holography [26] .
Generally, there are two phase modulation mechanisms for metamaterials -propagation phase and geometric phase (or Pancharatnam-Berry phase), which are used to control the phases of incidence with linear and circular polarization, respectively. For the linearly polarized incident wave, a propagation phase will be generated and the phase modulation can be achieved through adjusting the geometric parameters of the periodic unit cells of the metamaterial [21] , [27] . In comparison, in the case of the circular polarization, the phase modulation can be obtained by changing the orientation angle of the meta-atom [26] , [28] , [29] . Meanwhile, a strategy combining both of the propagation phase and the geometric phase has also been developed [25] , [30] . As for most of the existing phase modulation methods, once the designed structures have been fabricated, the phase profile will be fixed. However, from the application point of view, it's obvious that the capability to manipulate the EM wave in real time is much more desired, which requires dynamic tuning of the EM wavefront. In recent years, in order to meet practical requirements, a few research groups have been studied on the reconfigurable metamaterial, in which the phase of each constituent meta-atom can be dynamically and individually controlled under external stimulation [31] - [33] . Although exciting results have been reported, the existing modulation methods still suffer from some limitations. In Ref. [31] , phase-change materials (Ge 2 Sb 2 Te 5 ) are used as a practical method for the individual control of the meta-atoms. But its modulation process is rather complicated, since it involves the writing, erasing and rewriting procedures for the constituent units by means of laser heating, pixel by pixel. A tunable Huygens' metalens mentioned in Ref. [32] adopts a dynamical and continuous phase modulation method by employing voltage-controlled varactor integrated into the resonating meta-atoms operating at microwave frequencies. However, the miniaturization and integration of the varactor are difficult especially for applications in higher frequency range as THz and IR. The liquidmetal-injection method used in Ref. [33] is to dynamically change the parameters of the meta-atoms. Through combining two different structures together, 360°phase modulation in microwave regime has been achieved. Nevertheless, the integration technology for the liquid metal, microchannels array and the ternary valve multiplexer is a bit too complicated. Furthermore, considering the surface tension effect faced by the liquid metal, it's difficult to be used at higher frequency due to the shrunk structure size. As a result, to explore a dynamic phase modulation method with relatively simple structure and easy control that can be used in THz range is a continuous pursuing target.
In this paper, aiming to achieve dynamic phase modulation, a new strategy is proposed. In current case, particularly designed metallic structure is integrated into our previously developed pneumatic actuator [34] - [37] , constructing the unit cell of metamaterial. Upon actuation, the geometry of the metallic structure will be changed, under the effect of which more than 320°dynamic phase modulation for the reflective EM wave can be achieved. For further proof-of-concept demonstration, a phase gradient metamaterial and a reflective metalens are especially constructed based on this phase-tunable metamaterial design. Through dynamically controlling the phases of individual components, manipulation of the plane wave reflection and the spherical wave focusing have been successfully obtained, respectively.
Model Description
The proposed phase-tunable terahertz metamaterial is schematically shown in Fig. 1 . Its unit cell is a 150 μm × 150 μm square block consisting of two stacked components. One is a polydimethylsiloxane (PDMS) substrate, at the center of which a cylindrical cavity with radius of 70 μm and depth of 50 μm is allocated and a uniform Au film with thickness of 500 nm is deposited onto the cavity bottom surface. At the same time, microchannels with length of 30 μm and width of 20 μm are placed at the edges, providing access to external pressure control system. The other one is a 4 μm thick elastomeric PDMS membrane with a particularly designed 500 nm thick Au pattern being deposited onto its top surface, which will be firmly bonded to the PDMS substrate, so as to form a sealed cavity space for pneumatic actuation.
In this case, in order to achieve large phase modulation range, two types of Au concentric circular split ring resonators (SRRs) as shown in Fig. 1 are designed. Detailed structure parameters are listed.
Simulation Results
To study the phase tuning characteristics of the proposed metamaterial, simulation using COMSOL Multiphysics is performed. Firstly, the mechanical simulation is carried out for analyzing the structure conversion under pneumatic actuation. During which, the circular edge of the PDMS membrane is set to be clamped boundary whilst a uniform pressure is applied onto the membrane surface. Fig. 2 (a) shows the structure A as an example. The Young's modulus and Poisson's ratio of the PDMS and Au are set to be 750 kPa/70 GPa and 0.49/0.44, respectively. Simulation results of the membrane deformation under pneumatic actuation are provided in Fig. 2(b) . It can be found that with the increasing applied pressure from −60 kPa to 200 kPa, the center membrane deformation will be changed from downward −45 μm to upward 55 μm. As a result, the attached Au structure will also be changed accordingly as shown in inset.
In order to further characterize the resultant phase change, the electromagnetic simulation is subsequently performed. In this case, the unit cell model as shown in Fig. 3 is used (also taking structure A as an example), in which the corresponding structures will be refreshed with the deformed ones from the mechanical simulation. Open boundary condition is set in the z direction and periodic boundary is set in both of the x and y directions, respectively. At the same time, perfect matched layer (PML) boundary condition is used in z direction. During simulation, a linearly polarized plane wave is set normally incident onto the metamaterial surface with its electric field vector parallel to the y direction. The Au is modeled as lossy metal with electric conductivity σ = 4.56 × 10 7 S/m. The PDMS membrane is modeled as dielectric material with dielectric constant of 2.35 and loss tangent of 0.02. According to the skin effect concern, the metallic ground plane with 500 nm thickness can block all the incident electromagnetic wave to be transmitted through. Fig. 4(a) shows the frequency responses of the reflection (R) and the absorption (A = 1−R) of the structure A under pneumatic actuation with different pressures. It can be seen that there is a clear resonant peak within the frequency range from 1 THz to 1.6 THz and it will be monotonously shifted to higher frequency from 1.29 THz to 1.39 THz with the increase of the applied pressure to 200 kPa. At the same time, corresponding change can be observed in the reflection phase spectrum as shown in Fig. 4(b) . Obviously, in order to achieve large phase modulation capability whilst keeping reflection high enough, the operation range from 1.5 THz to 1.6 THz will be much more desired. ) show the detailed frequency responses of the reflection amplitude and phase in the selected working range under different pneumatic actuation statuses for structure A, respectively. It can be seen that with the change of the applied pressure from −10 kPa to 200 kPa, the reflection amplitude will always stay above 80%. At the same time, the reflection phase modulation of nearly 200°can be obtained. With the further increase of the negative pressure, the reflection amplitude will be decreased to be lower than 80% whilst no much reflection phase change can be induced. Corresponding simulation results for structure B are provided in Fig. 5(c) and (d) , respectively. Similarly, when being actuated within −60 kPa to 100 kPa, nearly 200°modulation range for the reflection phase and reflection amplitude higher than 80% also can be observed in the same frequency range. Considering the overlap of the phase modulation range between the structure A and B, they can be combined together to achieve more than 320°dynamic phase modulation capability (see Fig. 5(e) ) as strategy reported in Ref. [27] . For example, as for the frequency point at 1.5 THz, the phase modulation range provided by the structure A is [205°, 393°], while that of the structure B is [66°, 257°]. As a result, a combined reflection phase modulation within [66°, 393°], namely 327°modulation range, can be eventually achieved. Following the generalized Snell's law for reflection [38] :
where n i is refractive index of the incident medium, dϕ/dx is the phase gradient along the x axis, θ r (θ i ) is the reflection (incident) angle, and λ is the wavelength. For conventional bulk materials, the incident angle is equal to the reflection one due to the zero phase gradient associated with continuous uniform surface. If intentionally introducing phase gradient, anomalous reflection (θ r = θ i ) will be induced. Fig. 6 shows a new phase gradient metamaterial design, in which three unit cells of the structure A and three unit cells of the structure B are combined together along x direction, constructing a super cell. The metamaterial is designed into 1D linear array, in which all the meta-atoms operating under the same status can be connected in series via microchannel for simultaneous actuation, providing the dynamic wavefront manipulation capability to achieve the control of anomalous reflection.
For proof-of-concept demonstration, when a pneumatic actuation configuration as listed in Table 1 is used, a 60°reflection phase increment between adjacent unit cells along the x axis can be obtained. As a result, a phase gradient of 7 mrad/μm can be generated. According to Eq. (1), given normal incidence (θ i = 0) at 1.5 THz, it will be deflected about 12.8°along counter clockwise direction after being reflected from this phase gradient metamaterial in free space (n i = 1). In order to validate this anomalous reflection, electromagnetic simulation is performed, in which the corresponding super cell model as shown in Fig. 7(a) is used. Fig. 7(b) shows the simulated electric field distribution of EM wave at 1.5 THz in the x-z plane, from which an oblique reflection toward top-left corner direction can be clearly observed. The reflection angle is calculated be 12.3°, agreeing well with the theoretical expectation.
In comparison, if the pneumatic actuation configuration as listed in Table 2 is used instead, nearly opposite condition will be induced, in which the reflection phase difference of −60°between adjacent unit cells along the x axis can be obtained. Although there exists a steep phase change at the transition site from structure A and B, considering the phase period of 360°, it still can be treated as an equivalent continuous phase surface. Thus, a phase gradient of −7 mrad/μm can be induced instead. In this case, the normal incidence will be theoretically expected to be reflected with the same reflection angle (12.8°) but along the opposite, namely clockwise, direction. Through similar treatment, the simulated electric field distribution as shown in Fig. 8(b) can be obtained. It can be seen that the EM wave is now reflected toward top-right corner direction with reflection angle of −12.5°as expected.
Obviously, with current phase gradient metamaterial design based on the proposed phase-tunable unit cells, anomalous reflection can be controlled from 12.3°to −12.5°, thus providing an additional method for dynamically manipulating EM wave.
In the meanwhile, based on the same phase-tunable unit cells, a reflective metalens with focus tuning capability is also presented. It consists of 21 unit cells with particularly designed arrangement as shown in Fig. 9 and Table 3 , constructing a lens with aperture size of 3.15 mm. Through controlling the phase φ i of individual unit cells with respect to Eq. (2), certain focal length f can be achieved [39] :
where λ is the incidence wavelength, φ 0 is the phase of the center unit cell, i and x i are the unit cell number and the corresponding radial distance of its center to that of the metalens, respectively. For demonstration purpose, two types of phase distributions of the designed tunable reflective metalens as shown in Fig. 9 are designed, targeting to focal lengths of 0.9 mm and 2.3 mm for incidence at 1.5 THz. Detailed information is illustrated in Table 3 . The tunable focusing property of the metalens is also simulated using COMSOL Multiphysics. During the modeling, the basic structure composed of 21 unit cells are repeated in y direction via setting periodic boundary condition and perfect matched layer (PML) boundary condition is used in z and x directions. After being normally incident with EM wave at 1.5 THz, the corresponding electric field distribution of the reflection will be recorded, from which the focusing characteristic can be analyzed. As for case 1 shown in Fig. 10(a) , it can be seen that there is a distinct spot with highly concentrated electric field. Its longitudinal distance to the metalens surface is measured be to 0.91 mm, agreeing well with the designed focal length of 0.9 mm. In general, the focusing capability of a lens can be characterized by the numerical aperture (NA) which is defined as NA = sin[tan −1 (D/2f)], where D and f are the aperture diameter and focal length of the lens, respectively. Considering current metalens design with 3.15 mm aperture size, NA as large as 0.866 can be obtained. Through pneumatically actuating the unit cells following the phase profile of case 2, the electric field will be redistributed as shown in Fig. 10(b) . In this case, an obvious electric field focusing still can be found except that the current focus is moved far away from the metalens surface to a distance of 2.32 mm as expected, resulting in relatively small NA of 0.562. Based on the simulation results above, a focus tunable reflective metalens is successfully demonstrated.
Discussions
Considering the fact that the reflection phase modulation is actually induced by the shift of the resonant absorption, the study of the absorption helps to understand the phase modulation. In order to reveal the internal mechanism of the absorption peak as shown in Fig. 4(a) , the electric field as well as the surface current distribution in the top Au SRRs at 1.29 THz are analyzed as shown in Fig. 11(a) and (b) , respectively. It can be seen that the surface current in the inner SRR is along the direction of the electric field, while reverse surface current is excited in the outer SRR, forming two counter-circulating current loops. As a result, an inductive-capacitive (LC) resonance is generated. To further illustrate the shift of the absorption peak, the equivalent LC model is presented as shown in Fig. 11(c) .
For better understanding, the four split rings are defined as 1, 2, 3 and 4 from inside to outside. The equivalent inductance L and capacitance C of the circuit can be expressed as
where C 1 , C 2 , C 3 , and C 4 are the capacitance generated between the ring 1 and 2, ring 1 and 3, ring 2 and 4, ring 3 and 4, respectively. L 1 , L 2 , L 3 and L 4 are the inductance of the ring 1, 2, 3 and 4, respectively. Thus the resonant peak can be determined by
With the increasing applied pressure, the membrane will be deformed and the SRR structure sitting on which will be stretched by the resultant tensile stress, thus increasing the gap between rings. Considering the fact that the capacitance between rings is inversely proportional to their gap, the capacitance will be decreased associated with the increasing gap. As a result, based on the equation (3) and (5), the blue-shift of the resonant frequency as shown in simulation result can be induced. At the same time, due to the increasing distance between the rings, their coupling will become weaker, resulting in lower absorption. All the theoretical estimations agree well with the simulation results shown in Fig. 4(a) .
Based on the simulation results and analyses mentioned above, the relative large phase change will be induced along with the drift of resonance frequency. At the same time, considering the fact that the current device is operated under reflection mode, as a result, relatively large reflection should also be required for effective operation, the range of which will directly determine the device operation bandwidth. Obviously, reflection curve demonstrating one deep resonant dip and always keeping high reflection outside resonant region is much more desired for achieving broadband operation, which can be realized by carefully designing the metamaterial especially the Au pattern.
Moreover, in order to further validate the importance of the Au pattern design on the phase tuning characteristic, the Au SRRs in the unit cell is simply replaced by a continuous Au film whilst keeping other structure parameters unchanged, and similar simulations are performed. From the results shown in Fig. 12 , it can be found that given the same center membrane deformation range from −45 μm to 50 μm by pneumatic actuation, nearly constant reflection within the operation range can be found due to the optical performance of the Au film and the resultant phase change is only 80°. In contrast, approximate 200°phase shift can be achieved based on the currently proposed designs as structure A and B as mentioned above. Undoubtedly, the phase modulation range can be largely increased by the SRRs, further validating the resonant absorption induced phase modulation.
Conclusions
In summary, a new strategy is proposed to provide the terahertz metamaterial with dynamic phase modulation capability. In this design, the suspending membrane based pneumatic actuator is used, through which the geometry of the metal structure being arranged onto the membrane can be changed with applied pressure. Two kinds of metamaterial unit cells composed of particular SRRs are designed and their reflection phase tuning capabilities are evaluated using multiphysics simulation. From which, a phase coverage more than 320°has been successfully demonstrated by combining the phase modulation effects of these two structures together based on pneumatic actuation, whilst ensuring high reflectivity. According to the generalized Snell's law for reflection, a phase gradient metamaterial is constructed using the phase tunable unit cells and controllable anomalous reflection from 12.3°to −12.5°has been achieved. In addition, a reflection metalens is also proposed. Through dynamically modulating the phase profile, the transformation of the focal length from 0.91 mm to 2.32 mm has also been presented. Obviously, the phase modulation method reported in this work offers a novel strategy to dynamically manipulate the wavefront of terahertz wave and demonstrates great potential in building new functional THz devices for various applications.
